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SUMMARY

The objective of this study was to investigate the fate of toluene diisocyanate (TDI) in biological mat ices due to its chemical
reactivity. A number of variables were tested for their eflect on the reaction of TDI with biological materials. Rovte of
administration (vapor vs liquid), pH, composition of biological materials (gastric simulans, lung lavage, plasma and pure
proteins) were test variables. Modification of serum albumin by TDI correlates hinearly with TDI concentration when added
either as a liquid or a vapor. The very efficient reaction between TDI and protein over a wide raage (1:1 to 48:1) of
TDI:Protein ratios at pH 7.4 indicates that the reaction with protein competes successfully with ihe hydrolysis of TDI to the
diamine. In the vapor phase the uptake of the TDI into the aqueous phase is independent of the biological material in the
aqueous phase. Incorporation of TDI into protein at pH 7.4 following vapor exposure is directly related { » the concentration
of TDI in the aqueous phase indicating a very efficient reaction. Lung lavage shows less specificity with toluene diamine
being produced during the reaction. While TDI appears in the aqueous phase during vapor exposure at pH 2.3, there is no
incorporation of the TDI into protein but rather hydrolysis to toluene diamine. Using affinity chromatography, it was observed
that there was a direct correlation between the degree of moaification and the extent to which the albumin component is
recognized by the affinity ligand used in the chromatography. This would indicate that TDI can be classified as an affinity
label for the high affinity ligand site on albumin thus accounting for the successful labeling in competition with the hydrolysis,
The appearance of diamine in the reaction mixture after modification of altumin at high isocyanate:protein ratios supports a
saturation reaction cndpoint. Several observations were possible from the SDS PAGE molecular weight analysis of the
reaction mixtures. Increased modification caused a shift in electrophoretic mobility to lower molecular weight following by
appearance of high molecular weight species (dimers, trimers etc.). Reaction at lower pH did not alter the structure of
molecuies nor result in incorporation of TDI into macromolecules. There is protein medification of all biological samples at
pH 7.4 and none at pH 2.3. Vaper medification of proteins showed significantly different structural effects on proteins te that
seen by liquid modification.

INTRODUCTION

The objective of this study was to investigate the fate of TDI in biological matrices due to its chemical reactivity.

The chemistry and biochemistry of isocyanate con. >ounds have been revieed (Brown, 1986; Brown and Kennedy, 1989).
However, as vet, a systematic investigation is nol av ailable on the quantitative, qualitative and kinetic aspects of the reactivity
of these compounds in biological matrices such as uqueous buffer solutions, protein model systems, blood, plasma, urine and
stomach contents. A limited study was performed to analyze the in vitro reactivity of the 2,6 isomer of TDI in fluids such as
stomach contents and sera (Jeffcoat, 1985). I both fluids, the half-life of the 2,6 TDI was 2 minutes or less and the reactivity
was dependent on the delivering solvent. This data has been extended through a systematic investigation of each of the
individual isomers of TDI and of the commercial 80/20 2,4/2,6-TDI isomer mixture. It is also important to address not only
the loss of reactive isocyanate but also the fate of the reactive compound. Detailed knowledge of the specificity and kinetics of
the reactivity of these compounds under aqueous conditions will help to define the behavior of TDT in animal and man.

Toluenc diisocyanate (TDI) is a highly reactive compound that has been widely used in the production of polyurethane foams

http://128.2.42.107/rpt8O/AMABRO. html 11/25/98
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and coatings. Numerous studies have been performed with TDI both in vizre and in vive to evaluate the effects associated
with exposure, Due (o the limited solubility of TDI under aqueous, neutral pH conditions, many in vitre studies have included
the use of dimethylsulfoxide (DMSO) (Mapp et al., 1991) or acetone (Karol er al., 1978) to provide & miscible delivery
selvent. Several in vivo studies have also required the use of delivering agents such as corn oil (Jeffcoat, 1985, Timchalk et
al., 1993) or di-n-butyl ether (Rosenberg and Savolainen. 1983). In addition to solvent differences, several routes of animal
model exposure have also been examined for TDI waich include: oral (Jeffcoat, 1985; Timchalk er al., 1993), percutaneou:
(Rosenberg and Savolainen, 1985), and inhalation routes (Kennedy er a/., 1989). One of the major quesions remains as to
what eff=et 1f any, route of administration and solvent vanations have on the experimental results obtained when the reactivity
of the corapound is involved. Of note is the catalytic effect DMSO has on the hydrolysis of isocyanates in water (Gahlmann et
al, 197 3). A striking difference in experimental endpoints was observed, for example, in the carcinogenicity testing for TDI
Following oral administration, tumor development was observed (Dieter er al., 1990); however, a similar effect was aot seen
in the inhalation study (Loeser, 1983). This 1s just one instance where the chemical endpoint of TDI may be intluenced by
either the route of delivery or the solvent in which it is delivered and thus contributes to the experimental outcome,

Isocyanates have the potential to react with amino, carboxyl, sulthvdryl, imidazole and hydroxy! functional groups, all of
which are present on a variety of biological macromolecules. A detailed review of this chemiscy has been given (Brown et
al., 1987). One of the principle reactions of interest, in terms of health and environmental concerns, 1s the reacticn of the
isocyanate with water. When TDI enters an aqueous environment such as the respiratory tract or buffered protein solution, it
has the potential lo react with the water to yield toluenediamine (TDA) and carbon dioxide. TDZ\, itself is a known
carcinogen in rodents (NCI, 1979) when administered by gavage in corn oil. As presented above, carcinogenicity testing with
TDI itself, is not definitive and shows that tumor development was related to route of exposure. Timchalk and co-workers
(1993) have shown differences in the amount of TDA and its metabolic products in urine following TDI exposure by both
oral or inhalation routes,

Competing with the hydrolysis and self-polymenzation reactions, the isocyanate may alternatively react with macromolecules
present in the various environments. Biochemical studies of tissues and fluids f-om in vive exposures to TDI have shown that
conjugation reactions predominated, but that the competing reactions were altered by route of animal exposure (Kennedy, et
al., 1993A). Jeilcoat (1985) performed a hmited study of the in vitro reactivity of 14C-2,6-TDI in biological materials which
included serum and stomach contents. In both fluids, the rate of TDI loss was measured and found to be complete within 2
min. under the experimental conditions studied. Analysis of reaction products was not included.

The present study was undertaken to characterize further the reactivity of TDI in vitro by analyzing not only reaction products
but also the effict of method of administration on the endpoints of the reactions (Table [). This work provided data on the
question of TDA formation during and following TDI exposure. The overall goal was to use this data to aid in the
understanding of the underlying reactions and rates which may effect the endpoints observed in in vitro and in vivo studies.

Table 1. /n Vitro Matnix of Experimeits

Title Liquid Vapor Exposure
(Addition;
Test Selutions pH
7.4 + 1.8 ppm
Blood
7.4 4 0.2, 1.8 ppm
Plasma
74 + 0.2, i 8 ppm
Lavage
23 - 0.2,0.5 ppm
Gastiic Simulans
7.4 1, 0.2,0.5, 2.4 ppm
Rat Serum Albumin 10,50 :1
molar
ratio
7.4 1,10, -
Guinea Pig Serum Albumin 25,

http://128.2.42.107/rpt80/AMABSO.html 11/25/98
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100:1
molar
ratio
Test Conditions
1, 10, 0.2,0.5, 1.8 ppm
Variable concentraticn 25, 50,
- 100:1
molar
ratio
- >
TDI in Acetone
Reaction Time N
e -
30 Minutes
= +
1 Hour
+ =
24 Hours
Bicchemical Analvsis
Centricon (1) + +
Molecular Sieve
BioGel-P (2) + +
Fractionation
i +
RP-HPLC/TLC (3) -
+ 4.
Affinity Chromatography
+ -
SDS PAGE (4)

|. Filtration separation unit by Amicon
2. Gel filtration matrix material by BioRad
3. Reverse Phase-HPLC/Thin Layer Chromatography

4. SDS polyacrylamide gel electrophoresis

MATERIALS AND TEST DESIGN

Yiemicals, The 2,4-TDI isomer and the 80/20 mixture of 2,4- and 2,6-TDI was used with 14C in the benzene ring. The
radiolabeled TDI was supplied by Sigma Chemical Company and New England Nuclear. Determination of the specific
activity of each sample is given below.

Quantitation of Reactive Isocyanate Concentration. To determine the concentration of reactive TDI in the stock
solutions of TDYI, an aliquot of each TDI stock solution was spotted directly on a PNBPA impregnated glass fiber filter.
The resulting PNBPA derivative was extracted from the filter with a one-milliliter aliquot of HPLC grade acetonitrile and
analyzed by HPLC according to the procedure of Schroeder and Moore (1985). HPLC analysis of the PNBPA derivative
yiclded an average recovery of radioactivity from the HPLC column of 100.1 £ 2.8% (n=7) and a recovery of the
combined 2,4/2,6 isomers of TDI at 95.4 + 1.5% (n=11). For the Sigma 14C-TD], the distribution of isomers i
determined by collection and liquid scintillation analysis of the respective isomers following their clution from the HPLC
column yielded 85.0 £ 4.0% (n=26) 2,4~ isomer while the New England Nuclear (NEN) 14C-TDI was found io be 100%
2.4- isomer.

Determination of 14C-TDI specific activity. To determine the specific activity of the reactive isocyanate in each TDI
sample used, liquid scintillation analysis of the HPLC purified PNBPA derivatives of TDI was performed. For the Sigma

http://128.2.42,107 /rpt80/AMABRO. html 11/25/98
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14C-1TDI sample the specific activity was determined to be 23.7 4 0.4 (n=6) mCi/mmole when data from the direct
analys:s of neat TDI and data from the vapor generated TDI were combined. For the NEN 14C-TDI sample the specific
activity was determined by the manufacturer to be 12.5 mCi/mmole.

Preparation of Blood and Plasma. Two, Fisher 344 rats were anesthetized with Beuthanasia and whole blood was
collested via cardiac puncture into vacutainers containing sodium citrate anti-coagulant. The blood sample was divided
and 6U% was separated into plasma and cell components. The samples of whole blood and plasma were stored at 4°C
until use1 in the vapor and liquid titration #xperiments.

Preparation of Lung Lavage. Tracheostomy was performed on the lungs of the two control rats and each lung was
lavaged with 5 m! of phosphate buffered saline (PBS), pH 7.4. The lavage fluid from the two animals was combined and
storzd at 4°C.

Preparation of Gastric Simulans. Dr. H.-D. Hoffinana (BASF, Ludwigshafen, Germany) provided a formulation for
Gastric Simulans. Its composition was 2.0 gm NaCl, 3.2 gm pepsin, 7 .nL. 12 N hydrochloric acid to a final volume of |
liter with water. The measurad pH of the final solution was 1.8,

Rat and Guinea Pig Serum Albumin. Rat serum albumin (RSA) and guinea pig serum albumin (GPSA) were
purchased from Sigma (grade Fraction V) and used without further purification.

In Vitro Titration - Liquid Phase Exposure. All liquid-phase reactions were allowed to react for 30 minutes under the
experimental conditions given below.

Experiment #1: Liquid phase reactions were performed in 24 well tissus culture plates. 1 mL of each stock solution was
placed in the appropriate well. After addition of a constant volume (20 ul) of either pure acetone or TDI acetone stock
solution to each well, the samples were reacted for 30 minutes with agitation at room temperature. At the conclusion of
the reaction, cach sarnple was removed and transferred to a 1.5 mL microfuge tube. Immediately, 25 pL was aliquoted to
a scintillation vial containing 5 mL of CytescintTM (liquid scintillation counting cocktail), 25 pll. was aliquoted to a glass
scintillation vial and digested with NCSTM tissue solubilizer (Amersham), 50 1L was applied directly to a PNBPA
impregnated filter to derivatize any remaining free TDI, 50 pl. was added to a solution of 6.01 N HCl to lower the pH to
2, and the remainder was frozen.

Experiment #2: Liquid phase reactions with RSA and GPSA were repeated at a concentration of 1 mg/mL pretein with
variable ratios of isocyanate to protein. Proteins were dissolved in PBS, pH 7.4, and 1 mL aliquots were distributed in 20
mL, sereweap glass vials, Three different ratios of 1socyanate to protein were tested and each experiment was performed
mn duplicate. At time zero, an aliquot of stock TDI in acetone was added and the sample was stirred for 30 minutes, At the
termination of the experiment, all samples were treated as deseribed in Experiment #1.,

Modification at Variable Molar Ratio of TDI:Protein.

Experiment #1: Assuming an average protein concentration of 100 mg/mlL for blood and plasma, 10 mg/mL for lavage
fluid and a measured concentration of 1 mg/mL. for pure proteins, the initial experiments were performed at a molar ratio
of 1 mole of TDI added per mole of protein. To accomplish this, stock solutions were generated by first diluting 2.85 pL
of neet 14C-TDI in 200 pL of dry acetone (Steck A, 99 mM TDI). Subsequently, 20uL of Stock A was added to 180 uL
dry acetone (Stock B, 9.9 mM TDI) and finally 10 pL of Stock B was added to 90 uL of dry acetone (Stock C, 0.9 mM
TD1I). 20 pL of Stock A was added to 1 mL of biood and plasma, 20 pL of Stock B was added to 1 mL of lavage fluid and
20 ul, of Stock C was added to 1 mL of RSA solution o achieve a 1:] molar ratio in each case. A control for each test
solution involved additici: of 20 uL of dry acetone to separate 1 mL aliquots of the respective test solutions.

Experiment #2: In this experiment, all serum albumin concentrations were | mg/mL. Separate stock solutions of TDI
were generated just prior to reaction. The concentration of the stock solutions was calculated such that no more than 40
pL of acetone would be present in any reaction mixture. To determine the specific activity of each stock sclution, 10 pL
of each was taken for scintillation analysis, and 20uL was spotted dircetly on 2 PNBPA filter. Stock solutions were made
as follows: 4 pL. neat 14C-TDI was added to 800 pLL HPLC grade, dry acetone (Stock D, 35mM TDI), 100uL Steck D
was added to 900 pL dry acetone (Stock E, 3.5 mM TDI), and 100 pl Stock E was added ta 900 pL dry acetone (Stock
F, 0.35 mM TDI).

Analysis of acctone stocks for reactive TDL Each set of stock isocyanate solutions was made freshly for each
experiment. Immediately upon gencration, an aliquot of each stock solution was added directly to a PNBPA saturated

hitp://128.2.42.107/rpt80/AMABS0. html 11/25/98
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glass fiber filter, reacted for 45 minutes, extracted with acetonilrile and analyzed by HPLC.

Experiment #1: HPLC analysis of the stock solutions A, B, and C showed that the distribution of isomers for these

. samples was 85.2% 2,4-TDH and 14.8% 2,6-TDI. Combining the liquid scintillation data and the quantitation of ug TDI

present using an area integration from a standard curve, the specific activity was confirmed to be 23.7 mCi/mmole.

. Experiment #2: HPLC analysis of stock solutions D, and E showed that the TDI was 95.2 £ 2.6% pure as assessed by

recovery of material associated with the 2,4 and 2,6 isomers of TDI. The isomer distribution was found to be 84.1 £ 0.3
% 2,4-TDI by integration of the separated PNBPA derivatives on HPLC.

In Vitro Titration - Vapor Phase Exposure Protocol. One milliliter of each test sample for vapor exposure was
aliquoted in quadruplicaie into 24 well tissue culture plates (Falcon). The fluid filled plate was placed into a
pre-equilibrated glass plethysmograph exposure chamber. All vapor exposures were pertormed in a dynamic system as
diagrammed in Figure 1. The atmosphere was pulled across the plate at a flow rate of 10 liters/minute. The vapor was
introduced into the central chamber via an impinger that was regulated by an inline flowmzter at rates ranging from 0.4 to
5 liters/minute, depending on the target concentration. Following one-hour exposure in every experiment, the chamber
was exhausted at a rate of 50 liters/minute for 5 minutes. The plate was removed and the samples were transferred tc 1.5
mL microfuge tubes and stored at -60°C. Prior to freezing, samples were removed for analysis.
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Figure 1. Schematic of vapor exposure apparatus,

RESULTS.

Atmospheric Monitoring During Vapor Exposure, Throughout the exposure, atmospheric samples were collected
dircctly from the chamber either onto PNBPA-coated glass fiber filters or into an impinger, containing Marcali trapping
solution (Marcali, 1957), at an airflow rate of 2 liters/minute. Quantitation of atmospheric TDI concentration was
performed by Marcali assay (Marcali, 1957) as modified by NIOSH (1979 and by HPLC analysis of the PNBPA filter
extract as previously described (Kennedy er al, 1989). Both assay fluids were counted and the radioactivity was used a3
an additional means to measure the concentration, Table II summarizes the final concentrations for each of the vapor
exposure experiments performed.

Table IL Decermination of 14C-TDI Concentration during Vapor Exposure

Concentration (ppra)

Method n Concentration (ppm)
(mean+SD) Average

(mean+SD)

http://128.2.42,107/rpt80/AMAB80.html 11/25/98
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Exp #1 (2.4 TDD) -
PNRBPA Specific Activity} 2 0.36
PNBPA HPLC Assay 2 10.z3 0.21 £0.13
Marcali Specific Activity }2  |0.11
Marcali Assay 2  }0.08
Exp #2 (2,4/2,6 TDI) [
" |PNBPA Specific Activity] 8 1.69 +0.55
PNBPA HPLC Assay 8 1.80 +0.79 1.79+0.19
Marcali Specific Activity | 4 1.60 4 0.36
Marcali Assay 4 2.05+0.39
Exp #3 (2.4 TDD
PNBPA Specific Activity{2  J0.68
PNBPA HPLC Assay 2 0.52 0.55=0.1
Marcali Specific Activity | 2 0.55
Marcali Assay 2 J0.44

Page % of 21

Characterization of Reaction Produeis:

Post-Reaction Derivatization of PNBPA. Aliquots of each vapor and liquid modification were spotted directly onte
PNBPA saturated glass fiber filters. Extracts of the filters were tested by HPLC. In all cases the results were negative for
the presence of any reactive free TDI as determined by the absence of a PNBPA denivative following the reaction

protocols.

Post-Reaction € “ench with HCL Aliquots of each vapor and liquid modification were mixed with equal volumes of
concentrated hye.  “oric acid to lower the ptl and thus prevent the reversal of eny sulthydryl group modification that

may have occured, These samples were saved for future analysis if deemed necessary.

Post-reaction Analysis for Kadioactivity. After each reaction an aliquot of the reaction mixture was added directly to a
scintillation vial. Five mulliliters of counting cocktail (Cytoscint ES) was added, the samples mixe * and subjected to

liquid scintitlation analysis on a Beckman Scintillation Counter.

Results of determination of total radioactivity in each sample are piven in Tables IIT and IV. The cpm's measured for each
sample were converted to nanomoles/mlL using the measured specific activity for the isocyanates used in each case and a
counting efficiency of 85% measured for the specific scintillation counter used.

Table ITI. Analysis of Liquid Reaction Mixtures

Remple Sample zg;‘:;m Hiolerfato n e
Name (mphnL) TDi/Protein nanomoles/ml,
LB2 Blood 100 1:1 1 }1985
LP2 Plasma 100 1:1 2 |2753
LR14 RSA 1 1:1 4 [176+05
LR16 RSA 1 10:1 4 156.1=11.7
LRIS RSA | 50:1 4 1710.8+76.7
LR21 | RSA ] 25:1 2 |435.5
LGl | GPSA 1 1:1 2 |14.10
LG2 | GPSA 1 25:1 2 |449.0
LG4 GPSA 1 1:1 2 |18.10
LG5 GPSA 1 10:1 2 |164.5
LG6 GPSA ] 100:1 2 |796.5
LL. Lavage 10 1:1 4 |3791+38

l. Assumed concentration with average protein molecular weight = 50 kDa.

hitp://128.2.42.107/rpt8O/AMABS0 . htm!
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Table IV. Analysis of Vapor Reaction Mixtures

Sample Sampl Péz::':n TDI conc. pH . Mean
Code (m gfmi.} (ppm) nanomoles/:nL
VB Blood 100 1.79 7.4 2 420
VP Plasma 100 1.79 7.4 8 3634 1.1
VR RSA 1 L7 7.4 8 37.2+£34
VL Lavage 1 1.79 7.4 8 37.0£3.6
VR RSA l 0.55 7.4 4 7.71£09
VR RSA 1 0.55 2.3 4 835+0.04
vas | Suke I 055 | 74 | 4 7114008
Simulans
VP Plasma 1 0.21 7.4 4 3.78+0.33
VL Lavage 1 0.21 7.4 8 3.75+0.3]
vag | G 1 021 | 74 | 4 161 £0.25
Simulans
VR RSA 1 0.2. 7.4 4 527+0.17
VR RSA 1 0.21 o 4 7.40 £ 0.80

Birchemical A ~lysis of End Products:

Centricon filtration. Centricon 10 (Amicon) is a membrane fiiie1 sysiem for separation of high (>10 kD<) and low (<10
kDa) molecular weight molecules. They were used to separate the reaction products into conjugates of greater than
10kDa from the isocyanate hydrolysis product (diamines) and any other low molecular species resulting from the
modifications. The results of each experiment are expressed as the percentage of the total radioactivity with a molecular
weight greater than or less than 10 kDa. Table V 15 a compilation of molecular sieve separation data for the samples

treated by the vapor exposire protocol.

Table V. Centricon [ractionation of reaction products resulting from vaper exposure,

Sample Name Sample pH % > 10 kDa
VP plasma 7.4 99.9
VL lavage 7.4 71.6
VR RSA 23 8.1
VR RSA 7.4 99.8

BioGel P2 column chromatography. BioGel P2 is a gel filtration colunn matrix that separates molecules on the basis
of molecular weight. Using standard unlabeled serum albumin, it is possible to calibrate this column and thus determine
the fraction of the radioactive label from the conjugation exper'ments that was associated with the protein fraction. The
results are tabulated as the percentage of the total recovered radioactivity that was associated with the radioactiv'ty.
Sample chromatographic profiles are provided in Figure 2. a mixture of labeled serum albumin and KCL These profiles
represent the separation of the products in the reaction of puinea pig serum albumin (GPSA) with 14C-TDI, The
madification 1s the result of adding an aliquot of a TDzcetone stock solution to a 1 mg/mL solution of GPSA, pH 7.4, at
a molar ratio of 25:1 (TDI:Protein). Integration of the peaks yields the fraction of material that is greater than 10 kDa
under non-denaturing conditions (Figure 2, peak A) and the fraction that is less than 10 kD Figure 2, peak C). Table VI
is a compilation of the results of the BioGel P2 analysis of samples from both the liquid and vapor phase exposure of

biological fluids and proteins to TDL
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Figure 2. Representative profiles showing the molecular sieve separation of labeled macromolecules (A) from salt (Bj
and TDA (C) using BioGel P2 Chromatography. Integration of the peaks yields the fraction of labeled material that is
greater than 10 kDa under native, non-denaturing conditions and the fraction of labeled material that is less than 10 kDa.
These profiles represent the separation of the products of the reaction of GPSA with TDI. The TDI was added froin an
acetone stock solution at a molar ratio of 25:1 (TDI:Protein).

Table VI BioGel P2 Separation of Reaction Products.

Y% of
Sample Expof_«'L}re Molar R{ltio SithilE N Recovered 14C

Condition TDI/Protein (1) in Peak A

(Figure 2)
RSA liquid 1.20 LR1 91
RSA vapor 2.53 VR 97
GPSA liquid 0.96 LGl 96
GPSA liguid 30.53 LG2 92
Plasma liquid 1.38 LP2 95

1. Molar ratic of TDI to protein in the reaction nuxture before separation.

Reverse-Phase HPLC and/or TLC. Thin layer chromatography (TLC) was performed on samp'es from the reactic 1s to
determine whether low molecular weight comnonents were generated during the reactions of TDI with the biological

macromolecules and fluids. Unlabeled TDA was used as a reference compound and identified by reaction with

fluorescamine following development of wic TLC plate. In all cases the developing solvent was butanol/acetic acid/water
(20/80/20). Identification of the products resolved on the TLC plates was accomplished by flucrescamne (Sigma)
derivatization and observation of the reacted plate under UV light and by autoradiography of the resulting TLC plate with
Kodak X-Omat film. Table VII contains a list of the samples analyzed by TLC and the results of the presence or absence
of a TDA co-migrating species in each of the reaction mixtures.

http://128.2.42.107/rpt80/ANMARS0. html

11/25/98



Al4

Untitied Document

Table VII. TLC Analysis of Reaction Prodncts.

Sample Namej pH Hheone Sample TDA
_ (ppm)
VRS 7.4 0.2 RSA =
VR6 7.4 0.2 RSA -
VRI13 7.4 05 RSA -
VR14 7.4 Q.5 RSA -
| VR2 7.4 2.4 RSA -
VR9 2.3 0.2 RSA +
VR10 2.3 0.2 RSA +
| VR1I7 2.3 0.5 RSA -
VR18 2.3 0.5 RSA +
VL2 7.4 2.4 Lavage +
VL5 4 0.2 Lavage +
VP2 74 2.4 Plasma -
VP4 7.4 0.2 Plasma =
VGS] 2.3 0.2 Gastric Simulans |+
VGSS 2:3 0.5 Gastric Simulans |+

Page 11 ot 21

SDS PAGE with Autoradiography. SDS polyacrylamide gel electrophoresis (SD 3 P AGE) was performed on the
products of the reactions of the biological fluids and proteins with TDI. In this case the separation 15 based on size and is
performed on a denatured form of the protein. Coupled with autoradiography this technique supports the observetion of
covalent association of the 14C-labeled TDI with the protein 2nd it also demonstrates intra- and inter-molectia:
structural changes as a result of covzlient modification by TDI. The following figures (3-6) show groupings of samples on

each gel that demonstrate separate eifects of TDI on proteins and biologizal fluids.

Vapor exposure - Effect of position on plate. During the vapor phase exposures samples were placed in tissue valture
plates and and exposed to a dynamic vaper passing over the plate in a chamber. Samples from each well were analyzed

by SDS PAGE to determine whether uniform reactions took place across the plate, The resuits show ro positional effect
on the madification of the RSA.

Vapor Exposure: Effect of pH and Composition. SIS PAGE analysis vas performed to determine the effect of pH
and composition of different biological fluids on the vapor-phase reaction with TDIL Figurs 3A shews the SDS-PAGE
electropherogram of the separation of molecules in the various biological fiuids besed on molecular weight. Figure 3B 1s
the corresponding autoradiogram of the SDS-PAGE gel. The autoradiogram shows that RSA is heavily modified at pH
7.4 (lane 1) and negligibly modified at pH 2.3 (lane 2). Plasma shows moedification of a limited nw..uer of proteins (lane
5) and lavage fluid shows sigraficant labeling of 2 protein migrating at a molecular weight corresponding to serum
alburnin (lane 6). A similar analysis shows that gastric sinulans at pH 2.3 results in no modification of the protein fraction
(Figure 4). The results of the SDS-PAGE analysis of RSA at pH 2.3 are consistant with the molecular sieve (Centricon)

results given in Table V,
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Figure 3. SDS-PAGE analysis of biological materials modified by 0 21 ppm vapor-phase exposure to 14C-TDL (A)
Coomassie Blue stained SDS-PAGE gel; (B) Autoradiogram corresponding to gel in (A). Samples analyzed are; lane 1:
RSA modified at pH 7.4; lane 2: RSA modified at pld 2.3, lane 3: unmodified RSA, lane 4: molecular wetght standards (

alpas-macroglobulin, 190K; beta-galactosidas

e, 125K, fructose-G-phosphate kinase, 88K, pyruvate kinase, 65K,

fumarase, 56K lactate dehydrogenase, 38K, triosephosphate 1somerase, 33K ), lane 5: Plasma modified at pH 7.4, and

lane 6: lavage fluid modified at pH 7.4.

Vapor Exposnre: Effect of Vapor Concentration. SDS PAGE analysis was performed for direct comparison of
conjugate products generated at differen* vapor concentrations of TDI. Figure 4 shows that there is a direct correlation

between the concentration of the vapor during
bands in the autoradiogram (Figure 4B) of the

exposure and the extent of medification as measured by the intensity of the
SDS-PAGE gel.
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Figure 4. SDS-PAGE analysis of biological materials mod:fied at different vapor concentrations of 14C-TDI. (A)
Cocmassie Blue stained SDS-PAGE gel, (B) Autoradiogram corresponding to gel in (A). Samples analyzed are; lanes 1
and 2: Lung lavage modified at 0.21 and 1 8 ppm respectively; lanes 3, 4 and 5: RSA modified at 0.55, 0.21 and 1.8
ppim, respectively, lane 6: molecular weight standards (same as Figure 3); lanes 7 and §: Gastric simulans modified at
0.21 and 0.55 ppm, respectively, lanes 9 and 10: Plasma modified at 0.21 and 1.8 ppm, respectively.

Liquid Exposure: Effect of Concentration. SDS PAGE analysis (Figure 5) of the products of the reaction of lKSA at
different ratios of TDI to protein under liquid administration conditions. The separation shows that as the ratio of
TDI:Protein increases, the apparent molecular weight of the RSA decreases and new bands corresponding to dimeric
RSA begin to appear. These observations are consistent with increasing intramolecular crosslinking with increasing TDI
concentration as well as increasing intermolecular crosslinking of the RSA melecules. The comresponding autoradiogram
(Figure 5B) supports the increased incorporation of the labelled TDI with increasing TDI:Protein ratio.
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Meolecular Weight (kDa)

Figure 5. SDS-PAGE analysis of RSA medified at increasing ratios of 14C-TDI:Protein. (A) Coomassie Blue stained
SDS-PAGE gel; (B) Autoradiogram corresponding to gel in (A). Samples analyzed are; lane 1. RSA; lane 2: RSA
modified at a molar ratio of 0:1 (TDI:Protem); lane 3: RSA modified at a molar ratio of 1:1 (TC1:Protein); lane 4: RSA
modified at a molar ratio of 10:1 (TDI:Protein); lane 5: RSA meodified at a molar ratio of 50:1 (TDI:Protein); lane 6.
Molecular weight standards (Same as Fipure 3).

Affinity chromatography of Reaction Products. To determine whether modification of serum albumin had an effect on
its structure and function, medified albumins were applied to a Blue Agarose affimty column that specifically binds
non-denatured serum albumin. The percentage of modified albumin that does not bind to the column 1s an index of the
alteration of the albumin structure due to TDI modification. Table VIII lists the samples which were subjected to Blue
Agarose affinity chromatography and the percentage of albumin which did not bind to the column for each sample tested.
Figure 6 gives a representative chromatogram for the elution of RSA that has been modified by vapor exposure to 0.2
ppm TDI for one hour,

TableVIIL Analysis of Blue Agarose Affinity Chromatography

htp://128.2.42.107/rpt80/AMAB80. html 11/25/98
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% ; % of >10kDa
1 Modeop | ke Ratio} - ogof 14 | Fraction not
Sample | Name pH Addition |TDI Added / Assoctated Bound to Blue
Protein with >10kDa JAgarose(peak A,
Figure 7)

RSA contiol |7.4 itquid - - 9.8a
-|Plasma | VP4 7.4 vapor 0.0019 99 41.8
RSA VR1 7.4 vapor 2.53 97 96.9
RSA VRS 7.4 vapor 0.36 99 49,9
RSA VRS 2.3 vapor 0.50 8.1 12.7
Lavage | VLS 7.4 vapor 0.019 71.6 79.2
GPSA LG 7.4 liquid 0.96 91 6.4
GPSA  |LG2 7.4 liquid 30.5 91 99.0

a. Measured value based on ~bsorbance at 280 nm of bound and not-bound albumin.
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Figure 6. Representative profile from Blue Agarose affinity chromatography of RSA medified by TDI vapor at a
concentration of 0.2 ppm for one hour. The first peak (A) represents unbound modified protein while the second peak (B)
represents alburnin like meterial that retains its affinity for the albumin affinity column. The sample was first processed
through molecular sieve analysis to remove any low molecular weight (<10kDa) labeled matenials. The conductivity
curve (----) shows where the buffer was changed to release affinity bound albumin.

Summary of Uptake and Incorporation.

Liquid modification. Modification of RSA by TDI correlates linearly with the concentration of TDI added to the

reaction mixture. The slope of the correlation (0.906) indicates a very efficient reaction between protein (RSA) and TDI
over a wide range of TDI:protein ratios. Thus the reaction of TDI with protein competes successfully with the hydrolysis
of the diisocyanate to the diamine over the range of concentrations tested.
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Figure 7. Correlation between the molar ratio of TDI added/Protein and TDI incorporated/Protein. Determination of TDI
bound was made after moleculer sieve fractionation of the reaction products generated by liquid phase reaction of pure
RSA at pi{ 7.4. The regression analysis of the cerrelation data yielded the equation y=0.231 + 0.906x (r2=0.999).

Vapor modification. Uptake of the 14C-label into the aqueous phase from the vapor phase during vapor exposure is
linear with exposure concentration and independent of biological fluid tested (Figure 8 and Figure 9).

40
g 30
35
i ,
g% 20
O
E 10r
4
G/ L .
0 1 2

Exposure Concentration (ppm.ihr)

Figure 8. Uptake of 14C-TDX (TDI -+ TDA) into pH 7 4 aqueous phase as a function of the vapor phase exposure
concentration. Pure protsin (rat serum albumin, filled triangles) and biological fluids (gustric simulans, open squares;
lung lavage, filled squares) were exposed to vapor phase TDI. Concentration of TDX (TDI + TDA + TDI conjugates) in
aqueous phase following vapor exposure was determined by liquid scintillation analysis. The line represents a linear
ragression analysis of the data.

Based on the molecular sieve fractionation data, the moles of TDI incorporated into pure RSA is calculated and found to
be linearly related to the exposure concentration (Figure 9). The relationship between the moles of TDI taken up in the
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aqueous phase with the moles of TDI incorporated into protein is given in Table IX. The effect of vapor medification on
pure albumin is demonstrated by the loss of the mor= highly modified protein's ability to be recognized by an albumin
affinity column (Blue Agarose).

Incorporated Isocyanate
{moles/mole protein)

EF/ i 1 "
0 1 2

Exposure Concentration (ppm.hz)

Figure 9. Incorporation of 14C into protein as a function of exposure concentration in the vapor phase.

Table IX. Summary of incorporation of 14C-TDI into pure RSA

Molar Rafio 1 Molar Ratio
Exposure Conc Total Tf)[:l”rotc.m TDI incorporated:Protein Erachion.of Protelm
(ppm) 0 aqueous phase @) retaining albu:mn
T structure (3)
0.21 534001 0.358 £0.01 0.437
179 _2726750.19 2.19940.18 0.027

I Coced o 1 WC-TDI uptake in aqueous phase following one-hour vapor exposure.
2. based o wentricon fltration of protein folloving vapor exposure in aqueous phace,
3. Based on Blue Agarose aflinity binding of native serum albumin

Figure 10 summarizes the combined results showing the separation of high molecular weight conjugates (>10 kDa)
(filled section of bars) formed during the reactions and the fraction of low molecular weight species (<10 kDa) (hatched
pertiou of bars) remaining after reaction of each component under the different conditions. In summary, at low pH there
waus no sigaificant labeling of protein components by TDI, there were differences in the incorporation of label between
different biological components at comparable exposure concentrations, and there did not appear to be any differences in
incorporation resulting from varying the concentrations of TDI in the reaction.
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Figure 10, Summary of molecular sieve fractionation data showing effect of reaction composition (lavage, plasma, RSA),
pH (7.4 and 2.3), concentration (0.23:1 and 2.3:1 molar ratio (TDI:Protein)) and mode of addition (vapor and liquid).
The filled portion of each bar represents the percent of the reaction mixture that was greater than 10 kDa. The hatched
portion of each ber is the fraction that is less than 10 kDa,

Summary of Structural Alterations.

Affinity Chromatography. Blue Agerose affinity chromatography was vsed to assess the loss of albumin binding
function as a function of the extent of modification. It was observed that there was a direct correlation between the degree
of medification, moles of 14C label incorporated per mole of protein, and the extent to which the alburnin component is
recognized by the affinity ligand Reactive Blue 4. This would indicate that a high affinity site for the TDI is in the binding
site for the Reactive Blue 4 ligand on serum albumin. Thus TDI could be classified as an affinity label for serum albumin
which could contribute to the high degree of reactivity of TDI with biological fluids and successful competition with
hvdrolysis as noted by the low levels of low molecular weight species (< 10 kDa) in the reaction mixture following either
vapor or liquid rcactions. The concentration data given in Figure 10 *vould suggest however, that there 1s a saturation
level above which low molecular weight components begin to appear in the reaction mixture.

SDS PAGE Analysis. Several observations can be made from the SDS PAGE analysis of the reaction mixtures. This
technique measures the degree to which intra- and inter-molecular reactions take place with each of the component

mixtures and each of the reaction modes. These swnmary observations include:

o Increased modification caused a shift in electrophoretic mobility to lower molecular weight followed by appearance of
high molecular weight (dimer, trimer elc) protein species at high concentrations of TDI

o Reaction at lower pH (pH2.3, gastric simulans) did not alter the structure of molecules nor result in incorporation of
TDI into macromolecules.

o There was protein modification of all biological samples at pH 7.4 and none at pH 2.3.

o Vapor modification of proteins showed significant structural effects on proteins to that seen by liquid modification.

htp://128.2.42.107/rpt80/AMABS0. html 11/25/98
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DISCUSSION

The effect of the method of administration has often been not addressed in the design and evaluation of toxicological
studies with chemically reactive compounds. In addition to the usual metabolic pathway reactions, the test material might

. also react with the dosing vehicle or any liquid or solid component 1n the test system (in vivo: at tissue surfaces; in vitre:
with cells, buffer systems ete.). Differences in results or even in the toxicity profile might be the consequence.
Isocvanates are one group of highly reactive compounds that have been the focus of numerous in vitro and in vivo studics.
A high degree of reactivity in aqueous systems and with many functional groups of biological macromolecules has been
demonstrated (Brown er al., 1987, Gahlman et al., 1993). The question also arises as to whether the method of
isocyanate administration alters its reactivity and fate. Differences in bioavailability and metabolism of TDI given to rats
orally or via inhalation have been cemonstrated (Timchalk, ef a/., 1994). Equivocal data on mutagenicity and difficulties
in interpretation of immunotoxicity results may also be attributable to variable reactions, Differential carcinogenicity data
has also been reported for this compound which may be correlated to exposure route (Dieter, 1990; Loeser, 1983). While
other methads of in vive dosing are more easily quantifiable, the inhalation route has been documented as the
predeminant route of workplace exposure (Rampy, ef al., 1983). With TDI, or any other reactive compound, it is
reasonable to assume that endpoint analysis may be affected by exposure method, and therefore methods that most closely
parallel workplace exposure would be optimal.

Based on the high degree of isocyanate reactivity in TDI, it has been hypothesized that upon de!ivery to aqueous
environmants such as the airway, GI tract or buffered protein solutions, hydrolysis and/or conjugation reactions may take
place with biological macromolecules. The present study was initiated to investigate the effect of administration method
in virve at the biochemical level and thereby evaluate possible differences in reactivity and fate. The use of dynamic vapar
exposure of in vitre test samples was tested as a reaction system which more closely parall:! inhalation reaction
conditions. Comparison of this vapor exposure system with the widely used organic solvent/water liquid delivery method
was also performed.

Vapor exposures of purified protein solutions and biological fluids were performed with 14C-labeled TDI at average
vapor concentrations of 0.21, 0.55 and 1.8 ppm (Table II). To parallel these studies, liquid mixing experiments with
14C-TDI acetone solutions were also conducted. The benefit of using the labeled compound is the ability to quantitate
uptake into the test samples as well as to charactenize the end-products at a high degree of sensitivi. For both methods,
the state and concentration of the TDI was assayed to assure the integrity of the starting material.

Following vapor exposure or liquid mixing, the 14C content of each sample was analyzed. For the vapor samples, the
results shown in Table IV illustrate that a uniform absorption of the TDI vapor across the air/water interface occurred,
The variations in total 14C uptake may be due to solubtlity differences in lavage and low pH samples as well as a
reflection of partition coeflicient differences. Positional differences were not observed either across the plates nor within
rows, verifying that the vapor exposure of each test system was comparable and any differences are not due to exposure
variation.

Biochemical characterization of the vapor-modified samples by several methods was performed to define further the form
of the radicactive material in the reaction mixtures. Thin layer chromatography showed that a number of radioactive
components were present in the vapor and liquid samples. Molecular sieve fractionation separated the components into
high (> 10 kDa) and low (<10 kDa) molecular weight ractions. The rationale for the experiment was that if the TDI was
hydrolyzed to the free amine (TDA) or reacted with a low molecular weight peptide or protein, the radiouctivity would be
recovered 1in the filtrate (<10kDa) fraction. If, however, reaction with biological macromolecules greater than 10 kDa
took place, then the radioactivity would be recovered in the retentate (>10kDa) fraction. Using this method, the effects of
sample coniposition and environment on biochemical reactivity were quantitatively determined (Table V). The data
demonstrates that for both plasma and RSA samples at pH 7.4, greater than 99% of the sample radioactivity was
associated with the retentate fractions following vapor exposure. However, a decrease in the percentage of radioactivity
in the retentate fractions was found for the lavage and to an even greater extent for the RSA samples at pH 2.3,

The Effect of Sample Compaosition on TDI Reactivity. Considerable differences were observed in reaction products in
plasma or protein solutions as compared to the lavage samples (Table V). The fact that a significant fraction (29%) of the
reaction mixture was low molezular weight products and that a major component of that fraction was a TDA
co-migrating, radioactive component suggests that the potential for the hydrolysis reaction to oceur in the airways was
present. However, isolated lavage fluid does not accurately represent the reaction environment that is actually present in

http://128.2.42.107/rpt80/AMABS(. html 11/25/98
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the airway. The lavage flnid contained a vaniety of differc t ce!’ populations, siufaclent components and enzymes active
in xenobiotic metabolism (Henderson, et al., 1922). The protein concentraaon i 4 buffered lzrrage solution was lower.
The lipid content wus also diluted by the buffer and the non-uxtrestable a vay cells and their components were absent

- from the model system. Because the conjugation reaction is bimolecular and was competing with th- " werolves reaction,
the concentration of each compornent is important. In addition, the choice of reaction path (conjugation vs hv-rolys’s)
wouid be dependent on the sclubility of the reagent and reactant in the solvent state. The presence of surtactant lipids in

- :avage dramatically alters the environment cf the reaction conditions compared to plasma or aqueous pure protein

solutions. The cffect that each of these factors has on the reaction of TDI in the airway was not determined. Inhalation
exposure studies in guinea pigs using 14C-labeled isocyanates have shown by tissue autoradiography that reaction with
tissue-associated airway proteins does occur (Kennedy, 1990, Kemmedy et al., 1993). There may also be thresholds of
concentration where certain target molecules and reaction pathways bezome saturated and others activated. The effect of
concentration on TDI in vitro reactivity has been shown in this study where at the higher vapor concentration, the
intensity of labeling increases but the selectivity decreases as indicated by the inereased number of additicnal, labeled
bands in the SDS-PAGE (Figure 4).

The Effect of pH on TDI Reactivity. A more dramatic decrease in the level of conjugated products was observed as an
effect of low pH. At pH 2.3, the percentage of high molecular weight radioactive material in the RSA samples
represented only 8% of the total composition. This decrease in conjugation at low pH may be due to the protonation of
the potential reaction sites on the functional groups of the protein, making them unavailable for reaction with TDI.
Altered rates of hydrolysis may also be contributing to the decrease. In any case, the decreased level of conir ate
formation at low pH may have significant impact on the fate of the compound in vivo. Timchalk, et af., (1 have
shown that when TDI is delivered by the oral route, the metabolic profile is similar to that of TDA metabolism and tha
the distribution and fate of the radiolabel is different from results obtained following inhalation exposure. This suggests
that the acidic environment of the GI tract favors the hydrolysis to TDA. Biochemical characterization of the
blood-associated radioactivity from these exposures showed that in the samples from rats dosed by inhalation, high
molecular weight conjugates predominated whereas, low molecular weight products were increased in the samples from
rats dosed orally (Kennedy, et al., 1993). Jeffcoat (1985), modeled the reaction of TDI with stomach contents in vitro and
showed the rapid loss of the isocyanate group, agam supporting rapid hydrolysis in this environment.

Effect of Method of Administration on TDI Reactivity. The differences observed in TDI reactivity iz vivo illustrate
the importance of considering exposure-related consequences not only for in vivo experiments but fo, i vitro studies as
well. As demonstrated with the RSA experiments, even a very similar overall adduct ratio does not reflect the differences
in the structure of the adducts or conjugates. The results presented in this comparative study of liquid and vapor
modification of protein solutions showed that vapor phase modification slightly favors conjugate formation whereas
praduction of low molecular weight products was increased when the material was added as a liquid solution (Table VI).
Therefore, in studies where the TDI is added as a neat liquid or dissolved in a solvent, the material tested and results
observed may not be due te the isocyanate itself but rather to other reaction products. For isocyanates and other reactive

compounds, it is therefore essential to consider the effects of exposure 1method on the state of the compound and effects
produced.
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